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Introduction
In neonates, isoimmune and non-immune haemolytic diseases, including Rh, ABO, and subgroup incompatibility disorders, result in toxic heme metabolites, such as bilirubin and iron (Fe). Bilirubin encephalopathy, known as kernicterus, is one of the severe complications of neonatal hyperbilirubinaemia [12, 22] and is caused by deposition of unconjugated bilirubin in specific regions of the brain. Blood-brain barrier (BBB) permeability is primarily responsible for exposing the brain to toxic doses of bilirubin; however, the mechanism by which toxic levels of Fe are passed to the brain is poorly understood.
Recent evidence has revealed a connection between Fe and a number of diseases with previously unclear pathogeneses such as Hallervorden-Spatz disease, Friedreich's ataxia, and Huntington chorea. These neurodegenerative diseases are reported to coincide with Fe metabolism disorders and abnormal Fe accumulation [5, 7, 14] . Severe iron toxicity is thought to result from reactive oxygen radicals and lipid peroxidation [18] . Cerebral tissue has high amounts of lipid molecules, so the brain is the most susceptible organ to peroxidation injury [11, 12] . Studies of babies with Rh incompatibility have revealed increased byproducts of ferritin and lipid peroxidation. These re sults support the hypothesis that a high Fe load generates free oxygen radicals and causes cerebral damage [1, 11, 17] . Fe transportation is strictly regulated by the BBB and other barriers with unclear mechanisms [3] . For instance, rats with congenital BBB defects were shown to have abnormal perivascular Fe deposition [4] . High or low Fe transport rates in critical phases cause cerebral dysfunction in adulthood. The most important phase is the early postnatal period, during which the standard distribution of normal quantities of Fe is necessary for normal myelinisation [24] .
The present study creates a rat model of haemolysis with various maturation phases and investigates Fe accumulation and related neuronal damage in the brain.
Material and methods
To demonstrate the accumulation and the neurotoxic effects of free iron in the brain, we performed experimental haemolysis model in 5-day-old (Group A), 10-day-old rats (Group B), and 19-day-old rats (Group C). Forty-two male Wistar rats from Dokuz Eylul University Faculty of Medicine Experimental Animal Laboratory were used in this study, following Institutional Ethical Committee approval. According to Vannucci et al. [28] , the development of the brain of 7-day-old rat is histologically similar to that of a 32-34-week gestation human premature newborn infant. The brain maturation of 12-13-day-old rats resembles term human neonates. Also, 21-day-old rat brains represent the human prepubertal period, when brain development has been completed. Each group of rats was divided into three experimental subgroups and three control groups of seven rats each.
As indicated in previous studies [13, 20] , a 75-mg/ kg/day dose of intraperitoneal (IP) phenyl hydrazine hydrochloride (PHZCI) was injected for two days to create the rat model of haemolysis. Phenyl hydrazine immediately reacts with the carbonyl groups of different important biomolecules. It interacts with haemoglobin (Hb) and cytochrome p450 through an oxidation reaction, leading to the generation of destructive free radicals, which are responsible for subsequent haemolysis [15] . During sacrification, ether was used as a general anaesthetic [20] . Blood samples were studied as the indicator of haemolysis. Iron accumulation and the neuronal damage were evaluated by the pathologists.
Control groups received the same volume of 0.9% NaCl IP on the first and the second days of the study. Half of the animals of both groups were used for histological studies and the other half for biochemical indicators. In the trial groups haemolysis was induced by IP administration of 75 mg/kg/day PHZCl for two consecutive days based on previous data [13] . On the third day, under general anaesthesia, blood samples were taken for haematological and biochemical tests. Following ventricular perfusion, rats were sacrificed by decapitation, and brain tissue was evaluated histopathologically.
In order to verify the BBB permeability, intracardiac Evans Blue was administered under general anaesthesia to four mature newborn rats (10 days old) and four adult rats (19 days old) and sacrificed after 20 minutes. Frozen sections of brain tissue were evaluated by the Department of Pathology to observe the effects of PHZCI on the BBB.
Haematological and biochemical tests
Haemoglobin and Htc levels were evaluated us ing a hemocounter device and the spectrophotometric method. For biochemical tests, the Diazo and Jendrasik-Grof methods were used to detect plasma direct (d.bill) and total (t.bill) bilirubin, respectively. Hyperbilirubinaemia was indicated by a total bilirubin measurement of more than 3 mg/dl [8] . Aspartate transaminase (AST) and lactate dehydrogenase (LDH) levels were determined. The following methods were also used: the chemiluminescence method for plasma ferritin measurements, the immunoturbidimetric method for transferrin, and the Ferrozine method for Fe and total iron binding capacity (TIBC) measurements (Beckman Synchron Kit).
During pathologic evaluation, the brains of the animals were fixed in 10% formalin/0.1 M phosphate buffer, pH 7.2, and were embedded in paraffin. After these procedures slices 5 µm thick were prepared from the frontoparietal cerebral cortex, cerebellar cortex, hypothalamus, thalamus, and choroid plexus. The two samples composed of the same slice were obtained and the first sample was stained using haematoxylin and eosin to show neuronal damage. Two expert pathologists, blinded to the slides observed, evaluated the stained sections to observe the presence of neuronal damage (angular retraction, cell fragmentation, neuronophagia) as well as acidophilia and reactive gliosis in different sections of the brain. Neuronal damage level was evaluated as no damage (0), mild (+), moderate (++), or severe damage (+++) [20] . The second sample stained with Pearl's Prussian blue was evaluated as the absence (-) or presence (+) of intra-and extracellular iron.
Statistical analysis
The distribution of data is represented using median, minimum, and maximum values. The Kruskal-Wallis and Mann-Whitney U tests were performed for intergroup comparisons of categorical variables. The χ 2 and Fisher exact tests were also performed for dichotomous findings. A p-value of less than 0.05 was considered statistically significant.
Results
As a consequence of the induction of haemolysis Hb, Htc, t.bill, d.bill, AST, and LDH levels were significantly different in the study and control groups, as biochemical parameters. A statistically significant difference was observed for the concentration of Fe, TIBC, and ferritin in the study and control groups (p < 0.05), but transferrin concentrations were not significantly different (p > 0.05) ( Tables I-III) .
A statistically significant difference was found in Hb and Htc levels for control A group as compared to control B and C groups (Mann Whitney U Test) (p < 0.05). Bilirubin levels were at physiological levels in the studied groups. Significantly increased AST and LDH levels were observed in the experimental group. Although iron and TIBC were significantly increased in the group of haemolysis, ferritin and transferrin levels did not increase. Both iron accumulation and neuronal damage were evaluated in the control and study groups. The neu ronal tissues demonstrate the same degenerative changes such as vacuolisation, pyknosis, and cavitations. Herein, these changes were graded as semi-quantified. There was no neuronal damage in the control groups. Neuronal damage was less in the B study group than in the A study group. No damage was detected in the brain parenchyma of the C study group. There was no damage in the hypothalamus, thalamus, or choroid plexus in any of the trial groups (Table IV, Fig. 1) .
No Fe accumulation was observed in the control groups. PHZCI-induced haemolysis seemed to cause Fe accumulation in some cerebral regions of some of the trial groups. In fact, there was very little iron accumulation. Therefore, we did not need grading of iron accumulation and we graded iron as being absent or present (Table V, Fig. 2 ). The presence of iron staining and neuronal damage in B study group with mature BBB supposed the presence of other incomplete barrier systems different from the BBB that lead to iron accumulation in the brain.
The Evans Blue staining did not pass over the vascular walls of the B and C groups. We demonstrated that BBB was permeable in fibe-day-old newborn rats and was mature in 10-and 19-day-old mature rats (Fig. 3) .
Discussion
Isoimmune haemolytic anaemia related to blood type incompatibility (especially Rh alloimmunisation) is the most common cause of excessive haemolysis and increased heme catabolism. Heme catabolism generates two toxic by-products: bilirubin and heme. Albumin binds free bilirubin, whereas ferritin and transferrin bind Fe, thus minimising the risk of toxicity. However, these "buffer mechanisms" fall short during haemolysis. Increased free bilirubin penetrates the brain during the early neonatal period, when the BBB is immature, and causes kernicterus. Bilirubin is thought to interfere with oxidative phosphorylation, and protein and glucose metabolism, resulting in neu- Fig. 2 . Intracellular iron deposits in choroid plexus (A) and cerebrum (B) (Pearl's Prussian Blue ×400).
Fig. 3. Evans Blue staining was passed over the vascular wall in Group A (A), B (B), C (C). Evans Blue staining was not passed over the vascular walls of the B and C study groups.
A B A B C rotoxic damage [6, 19] . Iron causes peroxidation injury in lipid rich tissues and may play a critical role in bilirubin encephalopathy (its pathophysiology is still unclear) and neuronal damage. Iron accumulation and Fe metabolism disorders have been correlated with a number of neurodegenerative diseases; therefore, Fe produced by haemolysis might cause neurologic disorders [9, 29] . Although hyperbilirubinaemia and its toxic effects during the neonatal period have been well studied, few studies have focused on Fe. In addition, the role of BBB permeability in Fe transportation to the brain is unclear.
In this study, we demonstrated Fe accumulation in special cerebral regions, induced by haemolysis. We also investigated the role of BBB permeability in Fe transportation into the brain. We used semi-quantitative methods to evaluate the degree of neuronal damage in different cerebral regions of rats of different postnatal ages.
To evaluate haemolysis, we evaluated the decrease in Hb and Htc levels, the increase in t.bill, d.bill, and LDH, as well as peripheral blood smears. No statistical difference was observed between either the Hb or Htc levels of trial groups A, B, and C (p > 0.05). However, within the control groups, Hb and Htc levels were statistically different in Group A compared to Group B and C. We predicted that the normal ranges of Hb and Htc levels would increase when neonatal maturation was decreased. Therefore, this result has clinical significance as well as statistical significance.
Bilirubin levels were statistically higher in some groups but were still within normal ranges, so no clinical hyperbilirubinaemia occurred. Even with haemolysis, an insufficient increase in bilirubin levels occurred in the Wistar rat model. On the other hand, AST and LDH levels, indicators of cell lysis, were higher in the trial groups than in the control groups (p < 0.05). It was concluded that glucuronidation of the bilirubin occurring in the renal and intestinal tissues of the rat is as important as that of the hepatic tissue [16, 20, 21] . Therefore, it might not be possible to establish the higher indirect bilirubin levels necessary to create kernicterus in Wistar rats. Based on this information, we chose to use Wistar rats in order to isolate the effects of Fe from bilirubin. Conversely, use of PHZ caused extremely high t.bill levels in Gunn rats because they have a glucuronyl transferase gene deficiency [25] .
Similarly to the study of Mejia et al. [20] , the trial groups had significantly increased serum Fe; the increase was clinically consistent. We also investigated ferritin, transferrin, and TIBC in our study, none of which was assessed by Mejia et al. Although TIBC levels were significantly higher, ferritin was higher but still within the normal physiological range in the trial groups. There was no statistically significant increase in transferrin levels. In contrast, Aygun et al. monitored Fe accumulation in Rh alloimmunisation starting from the intrauterine period and found significantly higher levels of ferritin [1] . Similarly, Berger et al. [2] reported that cord blood samples of babies with Rh alloimmunisation had increased ferritin levels, decreased TIBC, normal Fe levels, and increased lipid peroxidation metabolites. The chronic haemolytic process started during the intrauterine period and continued through the postpartum period; moreover, to compensate for increased Fe, ferritin synthesis was increased. In our study, serum Fe levels were increased; however, ferritin levels were in the normal range. Our haemolysis model is limited to acute courses (48 hours), which may explain the lack of increase in ferritin levels. Ferritin synthesis requires additional time and so may fail to compensate for the sudden Fe increase. In addition, other adaptation mechanisms for buffering excessive Fe followed by haemolysis may be ineffective and slow. This also may explain why serum Fe increases, but ferritin and transferrin levels were not increased in our haemolysis model.
The babies with Rh incompatibility, hyperbilirubinaemia and anaemia were treated prenatally and postnatally, but the clinical significance of the increased Fe load is unknown. However, Berger et al. [2] found that increased ferritin coincided with increased lipid peroxidation metabolites. Mejia et al. [20] also reported that Fe and lipid peroxidation metabolites were increased after haemolysis. Excessive Fe loads may predispose cells to free radical damage in neonatal haemolytic diseases. Neonates have limited TIBC and poor antioxidant mechanisms, so they may be susceptible to free radical damage [23] . The neurodegeneration observed in our five-and 10-day old rats, all of which had immature brains, may be explained by this hypothesis.
Frederikson et al. [10] administered an Fe en riched diet to 3-5-, 10-12-, and 19-21-day-old rats. They monitored the rats' behavioural alterations and motor functions and reported that 10-12-day-old rats were more affected than other rats, 19-21-dayold rats were not affected, and 3-5-day old rats were mildly affected. These results may indicate a critical period of Fe susceptibility in the brain. The critical period seems to have occurred during an intermediate period, instead of when the brain was least mature. Cerebral Fe uptake in rats peaks between birth and the 15 th postnatal day [27] . In this peak period, differentiation in the thresholds of regulatory mechanisms might be responsible for increased cerebral Fe uptake, which may explain why 10-12-day-old rats were most affected by the Fe-enriched diet. Mejia et al. [20] used Evans Blue staining in seven-day-old rats and determined that the BBB was permeable. We showed that 10-day-old rats (representative of 38-40 th week foetal brains) and 19-day-old rats (brain maturation was completed) had impermeable BBBs, which may suggest that the BBB does not play a primary role in Fe transportation. In our study, the five-day-old rats with permeable BBBs and the 10-day-old rats with impermeable BBBs had similar Fe accumulation and neuronal damage. No Fe accumulation or neuronal damage occurred in the 19-day-old group. We suggest that the BBB does not have a primary role in Fe transfer; however, immature brains are susceptible to excessive Fe penetration and neurotoxic damage, and mature brains prevent excessive Fe transfer. These results are consistent with those of Frederikson et al. [10] .
Mejia et al. evaluated the neurotoxic effects of Fe in seven-day-old rats with permeable BBBs using semi-quantitative methods. The most damage and Fe accumulation were observed in the frontoparietal cortex. Dense Fe accumulation occurred in the choroid plexus, but the damage was mild [20] . The choroid plexus lacks a BBB, as well as neurons, which may explain these results. Similar to Mejia et al., we observed that five-day-old rats had Fe accumulation in the frontoparietal cortex and choroid plexus. The frontoparietal cortex also had neuronal damage, while the choroid plexus did not. The 10-day-old rats had similar results. Rice et al. [25] reported that in the rat model of hyperbilirubinaemia, some histopathological findings secondary to hyperbilirubinaemia were observed in the cerebellum in 15-day-old Gunn rats. Similarly, we found Fe accumulation and neuronal damage in the cerebellum, but our findings were related to the bilirubin-independent effects of Fe. Iron may predispose rats to the toxic effects of hyperbilirubinaemia.
Castelnau et al. reported that rats with congenital BBB defects had abnormal perivascular Fe accumulation, which supports the hypothesis that the BBB is primarily responsible for Fe transfer [4] . In haemochromatosis, intense Fe deposition occurs in the choroid plexus and pituitary gland, where there is no BBB, also suggesting a primary role for the BBB [26] . However, despite intact BBBs, the 10-day-old rats in our study had Fe accumulation and neuronal damage. Our study proposes that there are other immature barriers, besides the BBB, that may have a role in Fe transfer. Several cerebral regions have higher Fe concentrations on the physiological conditions, including the substantia nigra and the cerebellar nuclei, suggesting that the brain has various regulatory mechanisms and barriers. For instance, cerebrospinal fluid (CSF) helps transport Fe to the brain parenchyma. An hour after Fe injection, Fe is seen in the choroid plexus. Even with low levels of transferrin in circulation, normal Fe uptake levels are observed in the choroid plexus, thus there may also be alternative transport systems between the choroid plexus (that exempts from BBB) and CSF.
The BBB has a major role in bilirubin transport to the brain, and in babies with mature BBBs toxic levels of bilirubin never penetrate into the brain. Our study demonstrates that, unlike with bilirubin, the BBB is not the only determinant for Fe transfer. We observed that rats with permeable BBBs (trial Group A) had Fe accumulation and the most severe neuronal damage. Some rats with impermeable BBBs (trial Group B) also had damage and accumulation and still seemed to experience toxic effects. Trial Group C had neither damage nor accumulation. Per these findings, we propose that the BBB has a partial role in Fe transport, but alternative barrier systems may also be involved, and after the maturation of all barrier systems, excessive Fe penetration to the brain may not occur.
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